The pinhole plays an important role in confocal laser scanning microscopy (CLSM) for adaptive optics (AO) as well as in imaging, where the size of the pinhole denotes a trade-off between out-of-focus rejection and wavefront distortion. This contribution proposes an AO system for a commercial CLSM with an adjustable square pinhole to cope with such a trade-off. The proposed adjustable pinhole enables to calibrate the AO system and to evaluate the imaging performance. Experimental results with fluorescence beads on the coverslip and at a depth of 40 µm in the human hepatocellular carcinoma cell spheroid demonstrate that the proposed AO system can improve the image quality by the proposed calibration method. The proposed pinhole intensity ratio also indicates the image improvement by the AO correction in intensity as well as resolution.
INTRODUCTION
A pinhole is a key component in confocal laser scanning microscopy (CLSM), providing axial resolution by rejecting out-of-focus light. This sectioning ability allows recording a 3D structure of specimen, making CLSM popular in biological fluorescence imaging. 1 The size of the pinhole directly influences the resolution and the intensity of images:
2, 3 a bigger pinhole provides more intensity while the resolution of CLSM becomes worse, and vice versa. For this trade-off, microscope manufacturers provide an adjustable pinhole in their CLSM for users to choose the pinhole size based on their specimen condition and imaging need. 4 The pinhole plays an important role in adaptive optics (AO) for CLSM as well. For sensorless AO, the size of pinhole influences the final correction quality, and the small enough pinhole is necessary to achieve a high Strehl ratio. 5 For the AO with wavefront sensors, such as Shack Hartmann wavefront sensors (SH-WFS), the pinhole can be also used to reject out-of-focus light.
6 Fig. 1 illustrates a confocal wavefront sensor in CLSM with sparse fluorescence molecules in a 3D gel. Without a pinhole, the fluorescence from the out-of-focus region is imaged on the wavefront sensor with in-focus light, degrading the wavefront sensing performance by extending spot images. With a pinhole, the confocal wavefront sensor rejects the fluorescence from the out-of-focus region and maintains the fluorescence at the focus for wavefront sensing. By this reason most AO developments for CLSM usually have a pinhole in front of the SH-WFS for separating the targeted light source from the other sources around 7 and for suppressing the light from the uninteresting out-of-focus region. 6, [8] [9] [10] [11] The size of the pinhole should be selected carefully considering the trade-off of the sectioning ability and wavefront distortion. 11, 12 For selecting the correct pinhole size, the maximum spatial frequency of the targeted aberrations 6, 8 and optical sectioning ability in wavefront sensing 12 are considered, while they all use a fixed size pinhole. Confocal WFS Figure 1 . Schematic of a confocal wavefront sensor with CLSM. Molecules of in the light path, shown as blue triangles in the specimen, are excited and generate fluorescence in a volume, which degrades the wavefront sensor spot images. By adding a pinhole in front of the wavefront sensor, fluorescence molecules at the focal region are selected for wavefront sensing and out-of-focus fluorescence is rejected, corresponding to the principle of confocal laser scanning microscopy.
This paper describes an AO development for CLSM with an adjustable square pinhole to compensate for aberrations in the optical system and the specimen. The adjustable pinhole allows flexibility for the trade-off between out-of-focus light rejection and distortion of the aberration. Using the adjustable pinhole, a calibration method for the AO system is proposed to compensate for aberrations in the designed optical system. In addition a pinhole intensity ratio is also proposed to evaluate improvement of the image quality by the AO correction. Experimental results with fluorescence beads on the coverslip and at a depth of 40 µm in a sphere cell cluster show the improved image quality by the proposed AO and the benefits of the proposed calibration method and the quality measure.
ADAPTIVE OPTICS WITH ADJUSTABLE PINHOLE

AO Calibration via Adjustable Pinhole
The calibration of an AO system with a wavefront sensor is important to decide a target quality by the aberration compensation. That is because flattening a deformable mirror (DM) does not guarantee the flat wavefront at the specimen and the detector due to the aberrations induced by the imaging path, for example, the interface between the microscope and the AO system and the mismatch between the immersion medium and the coverslip. Wavefront sensorless AO system can maximize the image quality without any reference while it need an amount of correction time to record a number of images.
13
The proposed calibration method exploits an adjustable pinhole to obtain a reference wavefront considering all optical paths from the specimen to the detector. Consider a 4f system 3 by two lenses of focal lengths of f 1 and f 2 with a square pinhole as shown in Fig. 2 . Define P in ( ξ) and P out ( ρ) as complex functions of input and output pupil, where ρ = [ ρ x ρ y ]
T and ξ = [ ξ x ξ y ] T are coordinates of the each pupil plane. The pupil function of the adjustable square pinhole can be written as a square function as P ph ( r, γ) = 1 |r x | < γ x /2 and |r y | < γ y /2 0 otherwise.
where γ = [ γ x γ y ] T denotes the size of the pinhole and r = [ r x r y ] T is a coordinate at the focal plane. By Fresnel approximation the influence of the pinhole to the output pupil function can be written as follows where * denotes a 2D convolution operator, k denotes a wave vector, M = − f2 f1 is the magnification between the input pupil and the output pupil. P ph ( ρ, γ m ) denotes 2D Fourier transform of the pupil function P ph ( r, γ) as
where κ r denotes spatial frequency at the focal plane r. Applying Fourier transform to both sides of Eq. (2) and
r, the Fourier transform of the output pupil function P out is given as
where P in denotes the Fourier transform of the input pupil function P in .
This shows that the spatial frequency of the output pupil function is limited by the pupil function of the pinhole. For instance, an extremely small pinhole, a delta function, only selects the lowest spatial frequency of the pupil function, i.e. a flat wavefront regardless of the input pupil function. This is also shown in Eq. (2) that the input pupil function is convoluted by the Fourier transformed pinhole function. Using this band-limited aberration through the small pinhole, an AO calibration method via adjustable pinhole is proposed as follows.
1. Set a reference grid for SH-WFS with a big pinhole.
2. Measure the wavefront with a small pinhole, and regards it as a new reference of SH-WFS.
3. With a big pinhole, compensate for the aberrations by the DM according to the updated reference in 2.
Image Quality Measure using Adjustable Pinhole
For the evaluation of the image quality by the AO corrections, image intensity, full width at half maximum (FWHM), and image sharpness are traditionally used. 6, 8, 14 These measures use the same specimen to evaluate the improvement by the AO correction. For the fluorescence specimen, however, photobleaching makes the measurement time-dependent: the intensity of the specimen itself drops during the aberration correction and imaging. For a long-time measurement with easily bleached specimen, the evaluation of the improvement by AO therefore cannot be compared by the increase of the sample image intensity. FWHM could be a solution but it depends on the size and the shape of specimen.
To measure the quality of AO correction, a pinhole intensity ratio, a new quality measure of aberration for confocal microscopy, is proposed by using scanned images with two different pinhole sizes as The small pinhole size is set by 3 AU and 1 AU while the size of big small pinhole is set by 5 AU. In the simulation the maximum is chosen in the lateral image at the focus, i.e. 2D imaging is assumed.
where I c (x, y, z, γ) are recorded confocal intensity by x, y, and z scanning with a pinhole γ, and γ s and γ b denote a small and a big pinhole, respectively. Assuming that the source is point-like, then the pinhole intensity ratio can be rewritten by Parseval's theorem and Eq. (4) as
where S γ is an area defined by γ as Eq. (1). This pinhole intensity ratio provides the ratio of the power of low frequencies in the input pupil compared to the total power of a wide frequency range. The benefit of this measure is that the amount of aberrations can be promptly evaluated by an additional image with manipulating the adjustable pinhole, which can provide a normalized a measure in a different specimen and different detection gain. Tip and tilt aberrations do not influence this measure because it is compensated by 2D scanning and defocus does not influence the measure with 3D imaging as well. Fig. 3 shows a simulation result of the pinhole intensity ratio for each Zernike mode by setting 5 AU as a big pinhole and 3 AU and 1 AU pinhole as a small pinhole. Similar to Strehl ratio, this pinhole intensity ratio decreases as aberrations increase since the low frequency component of the Fourier domain is dominant with low aberrations. The decrement of pinhole intensity ratio is not vivid with 3 AU of pinhole while it is with 1 AU of pinhole.
EXPERIMENTAL SETUP
Adjustable Square Pinhole
For the experimental setup, a square adjustable pinhole (20-600 µm, TCS MR2, a part of Leica SP2 confocal microscope, Leica Microsystems, Mannheim, Germany) is used to reject out-of-focus light for CLSM imaging and wavefront sensing. 4 The adjustable pinhole module operates with a stepper motor controlled by Matlab (The MathWorks, Inc., Natick, Massachusetts, USA) via a stepper driver (Stellaris Stepper Motor Reference Design Kit, Texas Instruments, Dallas, TX, USA). The size of the pinhole is calibrated by a digital microscope (VHX-100, Keyence, Osaka, Japan) in advance. Fig. 4 shows an experimental setup of the AO system for Leica SP5 confocal microscope. The light source for excitation path is a HeNe laser (633 nm, 7 mW, 1125P, JDSU) with a polarizer for the intensity adjustment. L1 (f =11 mm, A397TM-A, Thorlabs, Newton, NJ, USA) and L2 (f =60 mm, AC254-060-A-ML, Thorlabs) with The emission of fluorescence from specimen follows the same path until a dichroic mirror DcM (651 nm cut on/off, zt638rdc, Chroma Technology, Bellows Falls, VT, USA). After the dichroic mirror the fluorescence passes through L11 (f =500 mm, AC254-500-A-ML, Thorlabs) and the adjustable square pinhole. The beam after the adjustable pinhole is collimated by L12 (f =400 mm, AC254-400-A-ML, Thorlabs) and passes through an emission filter (650 nm cut on/off, ET650LP, Chroma Technology) and separated into two by a non-polarization cube beam splitter BS2 (50% transmission and 50% reflection, BS013, Thorlabs). These two separated beams are collected by a photomultiplier tube PMT (RLD type non-descanned detector, a custom made, Leica Microsystems) and a Shack Hartmann wavefront sensor WFS1 (Coolsnap HQ2 CCD Camera, Photometrics, Tucson, AZ, USA, with a lenslet array of 300 µm pitch f = 18 mm orthogonal grid, Flexible Optical B.V). The WFS1 is also conjugated with the DM as WFS2.
Optical System Design
There are modifications of Leica SP5 for the AO system. An infrared mirror in the MFP is replaced with a broadband dielectric mirror for the visual spectrum (400-850nm, BB05-E02, Thorlabs) to connect both excitation and emission path to the AO system. The RLD is also an order-made for fluorescence detection over 650nm. With this modification, the entire CLSM with the AO system is still intact with the Leica scanhead and can be directly operated by the software of the Leica, which is convenient to record and process CLSM images.
The entire optical system including the interface between the AO and Leica SP5 is aligned with the flattened DM by maximizing axial intensity of a flat mirror slide at the specimen. This flattened DM is regarded as an uncompensated system in the experiments since it provides the best intensity by given alignment of the optical system.
For the wavefront sensing from fluorescence by WFS1, the exposure time is set by 2 s to collect the enough intensity. With this long exposure time, a single fluorescence bead with a focused beam is usually bleached during the wavefront sensing. To reduce photobleaching, the beam scans fluorescence beads in a given area, 21.64 × 20.94 µm 2 , while the WFS1 is accumulating the light, allowing extended correction and measurement time. This scanning motion during wavefront sensing extends the lifetime of fluorescence beads.
Control System Design
In the AO system the DM is regulated by the measured wavefront of fluorescence by WFS1 through the specimen and the optical system. The control system of the developed AO system follows the control system in Ref. 16 with minor differences in geometry matrix and influence matrix calculation. For the calculation of the geometry matrix of the wavefront sensor, a Zernike based reconstruction is used. 17 The influence matrix is calculated by the inputs to the DM and the wavefront measurements from the beads on the coverslip. To obtain high linearity of the piezoelectric DM, every input is applied shortly after a degauss function, 18 which is a linearly attenuated sinusoidal signal to prevent abrupt changes of the piezoelectric actuators. For the numerically stable inversion in the influence matrix calculation, truncated SVD is used. 19 For all measurements, tip, tilt and defocus are ignored to remove the specimen-dependency because they are regarded as a displacement error. The focus is at the interface of specimen and coverslip.
To simulate aberrations in a tissue-like environment, a 3D cell culture system shown in Fig. 5(a) is used. Human hepatocellular carcinoma (Hep3B) cells are grown in 25cm 2 cell culture flasks with an ultra-low attachment surface to allow the growth of cells in spheroid formation. After 2-7 days the culture with spheroids are centrifuged at 1000 rpm, resuspended in 500 µl αMEM culture medium and were allowed to adhere to a 70% confluent Hep3B cell monolayer on a cover glass for maximally 2 hours. After 1 hour fluorescent beads (FluoSpheres Carboxylate-Modified Microspheres, 0.2 µm, crimson fluorescent (625/645), Life Technologies, Carlsbad, CA, USA) were sprinkled over the cells covering both the Hep3B monolayer as well as the adhered cell spheroids ( Fig. 5(a) and Fig. 5(b) ). The samples were fixed with 4 % paraformaldehyde for 1-2 hours, washed with Dulbecco's Phosphate Buffered Saline, embedded in Vectashield and mounted to a microscope slide with a custom made plastic spacer (∼ 0.75 mm).
Image Processing for Evaluation
To evaluate the improvement by the AO system quantitatively, FWHM and proposed pinhole intensity ratio are used for recorded fluorescence bead images. For that shot noises should be reduced because both quality measures use maximum intensity, which is easily distorted by them. Therefore, a 3D Gaussian FIR filter with a filter size of 3 × 3 × 3 pixels and σ = 0.56 is applied before calculating the quality measures to smoothen shot noises. 22 After applying the filter to the 3D images, FWHM can be larger and pinhole intensity ratio can be reduced but it does not influence the comparison between no AO case and with an AO compensated case since the reduction by the filter are the same in both cases. With the smoothened images by the filter, the comparison of FWHM and pinhole intensity ratio of multiple beads is more reliable with a small variance and the reduction of outliers.
EXPERIMENTAL RESULTS
Using the experimental setup in Sec. 3, the developed AO system is evaluated with the calibration method and the evaluation method using an adjustable pinhole. For the evaluation of the calibration method, the aberrations of the optical system are compensated by the beads on the coverslip. After the correction of aberrations induced by the optical system, fluorescence beads at the depth of 40 µm in the cellular spheroid are evaluated. For each case, the pinhole intensity ratio of Eq. (5) is measured for the evaluation of AO correction as well as FWHM.
First the calibration method in Sec. 2.1 is evaluated to compensate for the aberrations of the optical system before introducing specimen. For the calibration (AO on coverslip) 5 airy unit (AU) and 1 AU pinhole are used The second experiment is the verification of the designed AO for the correction of specimen-induced aberrations. Three fluorescence beads in the cellular spheroid are chosen for the AO correction, which are at a depth of 40 µm from the coverslip. The shape DM is initially set by the aberration compensated case of the first experiment (AO on coverslip), which compensates for the aberrations of the optical system but does not compensate for aberrations induced by specimen. For the correction of the specimen-induced aberration (AO at 40µm), the DM adapts its shape to reduce the measured aberrations by WFS1 compared to the calibrated reference in the first experiment. In this case, the same location is used before and after the AO correction since a different location can result in different aberrations. To compensate for the intensity degradation by photobleaching, the detector gain is increased for the images with AO at 40µm, which also does not allows a direct comparison of the intensity as the first experiment. Fig 7 shows the residual wavefront error and the updated mirror shape solely by the specimen-induced aberrations from AO on coverslip to AO at 40µm, and their representations in Zernike modes. The dominant aberrations shown in the updated DM shape by AO corrections are coma (7th), trefoil (9th, 18th order), and spherical (11th order) aberrations. Fig. 8 shows recorded xy, xz and yz image slices of the fluorescence beads on the coverslip without and with AO correction (left) and the fluorescence beads at 40 µm in the cellular spheroid with AO on coverslip and AO at 40 µm (right). Aforementioned, the absolute intensity does not show the improvement of the image quality since the beads in the images are not identical or are recorded with different detector gains. Instead, the size and shape of the bead images can be used for the evaluation of the performance enhancement. For the shape with a 5AU pinhole, the uncalibrated bead image shows asymmetric and skewed in z axis while the image is symmetry Figure 9 . Normalized intensity profiles along x axis and z axis of the images in Fig. 8 . For the profiles of the beads on coverslip, the intensity is normalized by a scaling factor for matching the maximum intensity with the 5 AU pinhole of each No AO and AO on coverslip case. Then the scale factor of each case is applied to the intensity profiles with 3 AU and 1 AU pinhole to describe relative decrement of intensity. The intensity profiles of the beads at 40 µm processed the same manner.
after AO compensation in z axis while the images of both No AO and AO on coverslip are similar with a 1 AU pinhole. This is also observed by the axial FWHM with calibration (AO on coverslip), which shows in average 24.9 % improvement than the uncompensated case (No AO) with a 5 AU pinhole, while the improvement in FWHM is not observed with a pinhole of 1 AU. For the correction of specimen-induced aberration, the shape of the image also shows the improvement with less distinct ghosting pattern with AO at 40 µm than with AO on coverslip. The lateral and axial FWHM is also improved with a 5 AU pinhole by 33.7 %, from 1.94 µm to 1.28 µm, while the improvement of FWHM is not observed with a 1 AU pinhole.
While the absolute intensity cannot confirm the image improvement, the proposed pinhole intensity ratio also shows the improvement by the developed AO. To clearly describe the pinhole intensity ratio, Fig. 9 shows normalized intensity profiles by the maximum intensity with 5 AU of the pinhole for each case and experiment. For the beads on coverslip, the maximum normalized intensity with 1 AU pinhole shows that the AO on coverslip case has 29.8 % higher in average than the no AO case. For the beads at 40 µm, the maximum normalized intensity with 1 AU pinhole of the AO at 40 µm case has 18.4 % higher in average than the AO on coverslip case. This shows that the developed AO system with the adjustable pinhole can improve the imaging quality by correcting the aberrations due to the specimen and optical systems, and the improvement can be measured by the proposed pinhole intensity ratio.
CONCLUSION
This paper presents an adaptive optics development with an adjustable pinhole for a commercial confocal laser scanning microscope. Using the adjustable pinhole, a calibration method and an image quality measure are also proposed to compensate for the aberrations in the optical system and to evaluate the improvement of the image quality by the AO correction, respectively. Fluorescence beads on the coverslip and at a depth of 40µm in the human hepatocellular carcinoma cell spheroid are used for the experiment. Experimental results verify that the developed AO system can compensate for aberrations of the specimen and can improve the image quality, which is more significant with a big pinhole. The correction of the proposed calibration method using the adjustable pinhole proves its concept with a smaller full width half maximum and the proposed pinhole intensity ratio also indicates this improvement by less intensity degradation with AO compensated images.
For the further research, the selection of the pinhole for the calibration method can be analyzed for a better calibration quality. Since the pinhole intensity ratio has a mismatch with the theoretical value, which needs more investigation. The pinhole intensity ratio also needs to be studied with an extended object for an AO development for CLSM.
